Data Centers (DCs) are complex organizational and technical infrastructures that assure the performance and reliability of modern information and communication systems. The high installation and operations costs of DCs and the stringent requirements regarding reliability and safety require a close attention to the location of this type of facility. This paper proposes a Multi-Criteria Decision Analysis (MCDA) approach for identifying the most interesting locations to install sustainable DCs, taking into account technical, social, economic and environmental dimensions. For each of these main dimensions, the evaluation was formulated as a multi-criteria sorting problem. These problems were analyzed using the outranking MCDA method ELECTRE TRI through the IRIS software, allowing for uncertainty about the criteria weights. The results are summarized in graphical form, without attempting to reduce such incommensurable dimensions to a single value.
Introduction
The Information Technologies (IT) has a vital importance in today's economy. The increasing use of the internet, telecommunications services and internal IT networks in the organizations has led to a rapid growth of the number of computers over the world. Therefore, Data Centers (DCs) constitute a critical backbone of the worldwide IT infrastructure, as they are the infrastructures that operate mail servers' services, e-commerce services, data warehousing and search engines. Further, in the context of the new paradigm of collaborative networked society, DCs will also support the increasing use of cloud computing over the next coming years (Buyya et al., 2009 ) and thus it is expected that the number and size of this type of infrastructure will increase significantly over the next decade worldwide.
DCs are high energy intensive facilities due to the high power requirements of the computing equipment and the infrastructure needed to support it, in particular cooling systems (Fig.1) . The average DC consumes as much energy as 25.000 households (Kapan et al., 2008) . The impact of the increasing usage of DCs in the energy sector is significant, as shown by the fact that energy consumption for DC operation is doubling every five years in the U.S (EPA, 2007) and is expected to increase in Europe by 85% (E.U.C., 2008) over the next 10 years.
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ElectricityTranformers/ UPS/Others 10% Fig.1 . Energy Usage in a Data Center (Emerson, 2007) Due to the modest cost of optical fiber networks, DCs can be located far from the ultimate users. The selection of DC locations is based therefore on a number of other factors. When a company decides to build a new DC, one of the main variables of the decision process is the energy cost, since it represents most of the DC's operational costs. But this is not the only important variable. The security of data as well as the reliability of the DC operation is closely related to its location, since the location influences for example the security of the facility, the probability of occurrence of natural disasters, the availability and reliability of electrical power and telecommunications networks, the transportation accessibilities, and labor availability. Only if all these aspects are taken into account, it is possible to guarantee the design, construction and operation of a DC that is environmentally as friendly as possible, with the lowest cost possible and the highest social and economic benefits: in conclusion a sustainable DC. Therefore, the location of a DC should follow a Multi-Criteria Decision Analysis (MCDA) approach (Belton and Stewart, 2002; Bouyssou et al., 2006) that considers different dimensions of sustainability.
The problem of locating a DC is of interest to the main Portuguese telecommunications operator, Portugal
Telecom, who sought to identify the most interesting locations to install a sustainable DC. Two main managers were involved in this process: the principal IT director of the company and the head of the DC department. They were aided by the authors and other experts working for the company. In this text we will refer to this group of managers and experts as the Decision Makers Team (DMT).
In prior work, Covas et al. (2010) had established a methodology to find a subset of parishes in Portugal that are suitable for the construction of a sustainable DC, based on search analysis using geographic information systems. From a total of 4050 parishes that exist in Portugal mainland, the study highlighted 62 parishes as potentially good locations to install a DC. However, this set of alternatives was still deemed too large for a more detailed analysis. Indeed, since there are important costs associated with searching for a particular piece of land and negotiating with local authorities (e.g., for tax incentives), the identification of a smaller number of parishes that deserve a detailed study would be already an important step with high economic impact.
This paper proposes a tool using MCDA to analyze and support the decision of reducing the 62 predetermined parishes to a smaller set of the most promising alternatives. The assessment is made at the parishes/region level and not in terms of a specific place or site. This paper describes how the set of criteria was developed, the reasons behind the choice of an appropriate MCDA method (ELECTRE TRI, a classification method proposed by Wei Yu under the supervision of Bernard Roy, described in (Yu, 1992) ), and the application of the method using the IRIS software (Dias et al., 2002; Dias and Mousseau, 2003) , which does not require setting specific values for the criteria weights. The final stage of this decision process consists of negotiations between the company and the local authorities in the parishes selected and is outside the scope of this paper.
Although the analysts in this problem (the authors) used a well-known MCDA method, an appropriate overall methodology had to be devised. The DMT was not willing to make judgments concerning trade-offs between different sustainability dimensions (economic, environmental, social and risk), and did not wish to commit to precise criteria weights even within each dimension. The analysts used therefore IRIS in an original way by evaluating separately different sustainability dimensions, using a common qualitative scale. This step was inspired by Neves et al. (2008) approach to account multiple stakeholders. Each parish was subsequently evaluated to assess the best and worst level it could attain with and without considering the elicited opinions about the relative importance of the criteria. Therefore, by presenting this application, this paper intends to contribute not only to the literature on locating a DC, but also to the literature of sustainability assessment, addressing the particular case where no decision maker (or group of stakeholders) provides judgments about the importance of the different sustainability dimensions.
This paper proceeds as follows. In the next section, we provide a brief introduction to DC site selection, the criteria identification and a detailed criteria characterization. Section 3 briefly presents the multi-criteria method chosen to provide the decision support. Section 4 shows the results of applying the proposed methodology for identifying interesting regions for the development of Sustainable DC. Finally, section 5 draws the main conclusions of this study.
Site Selection for the Development of Sustainable Data Centers
The site selection is a fundamental step in the design of a DC. A poor site choice may affect the sustainability of the facility during the complete lifetime of the project, since there is no flexibility to change or modify the site once it is selected.
There are many variables involved in the problem of finding the best areas to locate a DC. Sun Microsystems (Snevely, 2001 ) considers that site location should take into consideration natural hazards (e.g. seismic activity, hurricanes), man-made hazards (e.g. industrial pollution, vibration), and the availability of utilities services (e.g.
power supply, telecommunications) or even emergency services and vehicle access. The Code of Conduct on Data Centers published by the European Commission (E.U.C., 2010) established some criteria for DC location to promote the energy efficiency of the facility (e.g. locations where waste heat of the DC can be reused, locations with a source of free cooling). In addition to the mentioned criteria the Uptime Institute (TurnerIV et al., 2008 ) also considers economic criteria like utility consumption rates, financial incentives (property and sales taxes, rebates, reduced permit fees), etc. These are the main criteria that should to be assessed during the decision process of building a DC, which are followed by the largest IT companies in the world, like Cisco (Alger, 2005) , Google (2010 ), HP (2008 Middleton, 2009 ), IBM (2009 , and Microsoft (Dwyer, 2009 ).
Most of the literature on location problems of critical infrastructures uses optimization models in which the Euclidean distances, or other types of distances over a network, between the facilities to be located and the customers of the facility, the suppliers of the facility, or those negatively affected by the facility (e.g. nuclear power plants) are the most important aspects of the problem (e.g., see (Eiselt and Marianov, 2011) ). However, in the case of locating a DC, the distance-related aspects of the problem are not the most important and coexist with many other site-specific characteristics. Moreover, the aim of this study was to identify areas that were highly adequate to locate a DC at the parish level, rather than choosing the best one, hence an optimization framework (even if multi-objective optimization is considered) was not the most adequate. For these reasons, an
MCDA framework for evaluating a list of predefined alternatives was preferred.
The literature presents several examples of the use of MCDA to evaluate a list of potential locations. For instance, Merkhofer and Keeney (1987) used multi attribute utility analysis to evaluate 3 alternative sites for the disposal of nuclear waste. Siddiqui et al. (1996) used the Analytic Hierarchy Process (AHP) to identify and rank potential landfill areas for sitting municipal solid wastes, taking into account regulatory restrictions, area attributes, and site assessment criteria. Barda et al. (1990) used the ELECTRE III method for the location of thermal power plants, and Pavic (1991) used the PROMETHEE method to choose the location of a production system, taking into account criteria such as building costs, infrastructure costs, labor costs, weather conditions among others criteria.
Despite the list of criteria previously described and the references on the use of MCDA methods in facility location, it was not found in the literature a methodology for DC location that considers simultaneously all the criteria used by the industry. The available literature is in fact very scarce and the authors could find only two works that answer this question specifically. Abbasov et al. (2009) presented an optimal location model to locate DCs taking into account the risks (natural, political and economic risks) while minimizing two objectives (cost and risk). Chang et al. (2007) presented a model, based on the classical capacitated p-median problems, to optimize the locations of the US army DCs, such that the total data demand-weighted distance traveled is minimized and the IT load on any DC is small as possible.
These papers did not consider however that the location criteria should be included in a holistic approach for the development of a sustainable DC. Following the sustainability definition proposed by United Nations in the Brundtland Report (WCED, 1987) Independently of which sustainability concept is chosen (more examples can be seen in Hall (2006)), there seems to be a consensus that sustainable development is a multidimensional concept, and its promotion involves the integration of environmental, social and economic issues in the decision making processes.
Site Selection Criteria
Criteria are tools for assessing alternatives, reflecting all the concerns and relevant issues to the decision problem. We established four main evaluation dimensions for the site selection of a sustainable DC suggested by the literature, with agreement of the DMT: Risk, Social, Environmental and Economic (Fig.2) . The tools of value-focused thinking proposed by Keeney (1992) were then used to guide the dialogue with the DMT and structuring their inputs at this stage. Each main criterion comprehends several subcriteria according to the hierarchies of concerns described in
Figs.3 to 6. These hierarchies were built as a structuring aid for the purpose of obtaining a list of criteria. This provided the DMT an easy means to visualize and organize their concerns facilitating the detection of potential omissions. The output of this phase of the process was a simple list of elementary criteria, as an evaluation of the hierarchical type (at all the nodes of a hierarchy) was not considered necessary. In the next section the criteria are presented with more detail.
It is noteworthy that some of the criteria are important for assessing in more than one main dimension. For example, energy savings are relevant both from an environmental perspective (less harm to the environment) and from an economic perspective (savings on operational costs). If one is required to perform an environmental assessment of the locations, energy savings are an important part of it. If one is required to perform an economic assessment of the locations, energy savings are again important. This means that, as one would expect, a location allowing significant energy savings will be in a better position to have a good evaluation under the environmental dimension as well as a good evaluation under the environmental dimension. The four dimensions will not be aggregated, thus avoiding any double-counting effects.
Let us also note also that the same concerns can be transformed into a criterion in different ways depending on the dimension being evaluated. Under the environmental evaluation, energy savings are measured in terms of CO2 (or other emissions); under the economic evaluation, energy savings are measured in monetary units. 
Criteria Evaluation
In this work, the analysis of the sites is made at the parishes' level in Portugal, which means we will assess only the criteria that apply to this level of research, and we will consider only criteria with that are relevant in the Portuguese territory The criteria painted with a darker shade in Figs.3 to 6 were not included in the analysis since they cannot be assessed at the parishes' level (the evaluation of such property-related attributes is possible only after identifying a precise piece of land). However, they could be taken into consideration in studies with very high spatial resolutions.
Risk Assessment Criteria
The risk assessment criteria define the requirements that are essential to maintaining the integrity, safety, and availability of the DC. a) Natural Hazards Criteria: Identifying areas with natural threats can help to form an effective risk avoidance strategy:
Flooding: Boolean criterion. Floods can destroy buildings and equipments, cause water damage to structure and contents, result in power failures, damage roadways, and cause human injury or death.
Parishes within or intersected by a zone of flooding risk assume the value 0, otherwise assume 1.
Earthquakes: Earthquakes can destroy buildings and equipments or cause power failures, damage roadways, human injury or death. To evaluate this criterion we used the Modified Mercalli Scale (Vulcanologia, 2010) , which defines intensity levels from 1 to 12. c) Site Security Criteria: The security of the region of the DC is important. Areas subject to physical attacks, people threats, robbery and burglary, can put the DC and people related to it (e.g. workers, customers) in danger.
Crime Level: Crimes recorded by the police in the municipality (a municipality comprises several parishes), namely the number of crimes against persons per 1.000 habitants and crimes against property per 1.000 habitants provided by the Portuguese National Institute of Statistics (INE, 2009a (INE, , 2009b (INE, , 2009c ).
Social Assessment Criteria
The social criteria are concerned with the ways in which people (services) are essential to run a DC. a) Attractiveness to Employees Criteria: Attractive aspects to host people in the region:
Life Quality: Recreational facilities, schools, housing, hospitals, among others subcriteria, at the municipality level. To evaluate this criterion we used a study about quality of life in Portugal (Manso and Simões, 2009 ) that considers these type of subcriteria and provides a quality life index which ranges from 36.72 to 111.63.
Availability of Public Transportation and Accessibilities: The availability and proximity (kilometers) of public transportation (e.g. train), and proximity (kilometers) to main roads access within or near the parish.
Life Cost: To evaluate this criterion we used the average value of the urban properties in Euros transacted in the municipality (INE, 2009a (INE, , 2009b (INE, , 2009c .
Security: This is the same criterion described in section 2.2.1 c) (Site Security Criteria), which can be also evaluated from an employee's point of view. b) Availability and Proximity of Emergency Services Criteria: Proximity (distance in kilometers) to police and fireman stations within or near the parish. c) Availability of Skilled Labor in the Region: Number of students in high school technology courses by municipality (INE, 2009a (INE, , 2009b (INE, , 2009c 
Economic Assessment Criteria
Costs and benefits that a DC may have if it is located in a certain region: Energy Savings: Energy strategies that can reduce operational costs:
 Potential for Free Cooling by Water: In regions where is not possible to achieve 100% of air free cooling throughout the year, the existence of water resources is also very important. The ample availability of water for adiabatic cooling can increase the air free cooling potential. Furthermore, the chillers cooling systems energy efficiency depends on the temperature of the cold source (the part of the system that extracts heat from the DC). This criterion is assessed by the aquifer productivity (m3/day km2) in the region.  Renewable Energy Sources: Potential of renewable energy sources: solar and wind. Regarding the solar source, the potential is measured by the sunshine hours per year (Ambiente, 1975) . For the wind source, the potential is measured by the expected maximum number of hours per year at a nominal power (Esteves, 2004) .
Network Communications Cost: The communications circuits fees also depends on the distance to the network.
Human Resources: The average base salary of a technical engineer in Euros (Social, 2010 ) was considered as a proxy for staff salary costs. Proximity/Distance to Airports: Distance to airports in km.
Environmental Assessment Criteria
The environmental criteria are concerned with the interactions between the DC and the environment: 
.3. b) (Operational Costs\Energy Savings).
Areas where Waste Heat of DC can be Reused: Not considered in the study. Difficult to assess at the parishes level, this criterion is specific/appropriate to be applied at the installation site (field) of the DC. 
Parishes Assessment Using MCDA for the Development of a Sustainable DC
MCDA approaches (Belton and Stewart, 2002; Bouyssou et al., 2006) acknowledge the existence of multiple dimensions for evaluating alternatives without attempting to reduce them to a monetary scale. There is not a single criterion to optimize: MCDA allows decision makers to recognize that choices reflect a compromise among different conflicting objectives.
The problem of selecting the highly adequate parishes for building a sustainable DC presents a few important specificities. First, it would be difficult to ask the DMT to quantify trade-offs among criteria (how much exactly would they sacrifice on one criterion to obtain a given improvement on another criterion). It was also deemed that it should not be allowed that very good performances on one criterion would be able to compensate very poor performances in another criterion. This suggested the use of a non-compensatory method, namely an outranking method from the ELECTRE family (Roy, 1991) (for a description of ELECTRE and other outranking methods such as PROMETHEE, see (Figueira et al., 2005) ).
In addition, the level of analysis and the nature of the data imply that the parishes cannot be assessed in a very precise way. Contrary to a specific site, when evaluating a region is not possible to accurately evaluate distances to the main infrastructures, or the expansion possibility of the site, among other factors. This suggests to the analysts that they should be parsimonious in what they require the evaluation model to do. Namely, building a model that would assign a precise value or utility to each parish, or that would rank the parishes, would provide to the DMT an erroneous illusion of precision that the analysts wish to avoid. Taking this concern into account, it was proposed to use a method that would partition of the set of alternatives into several categories defined with respect to these norms (called by Roy (1996) the sorting problem formulation). There are several MCDA sorting methods, most of them surveyed by Doumpos and Zopounidis (2002) and Zopounidis and Doumpos (2002) . For later examples we can cite, inter alia, AlObeidat and Belacel (2011), Fernandez et al. (2009 ), Figueira et al. (2004 , or Rocha and Dias (2008) .
The method applied is ELECTRE TRI (Yu, 1992) which meets adequately all the specificities of this case: it is used for sorting problems, it is a non-compensatory method, it allows an evaluation in absolute terms (i.e., alternatives are not compared against each other but to predefined norms), it avoids asking for trade-offs, and does not require converting the performance criteria into a uniform scale range (it allows the inclusion of criteria measured in different units and even measured in qualitative terms)..
A version of the ELECTRE TRI method was applied using the decision support software IRIS (v2.0) (Dias et al., 2002; Dias and Mousseau, 2003) , which is designed to address the problem of assigning a set of alternatives to predefined ordered categories, according to their evaluations (performances) at multiple criteria.
Among other characteristics, the software accepts uncertainty regarding the criterion weights and the cutting level, through the definition of intervals for each parameter, or the definition of linear constraints (e.g., stating that one criterion has more weight than another one). Thus, decision makers do not have to agree or to commit to specific values for the criteria weights.
In this work, the assessment of the regions using ELECTRE TRI method was carried out separately for each one of different dimensions identified in Section 2.1 (Risk, Social, Economic and Environmental), without aggregating the results obtained for these dimensions.
ELECTRE TRI Method -Overview
The ELECTRE-TRI method (Yu, 1992) belongs to the ELECTRE family of multi-criteria methods developed by Bernard Roy and his co-workers (Roy, 1991 (Roy, , 1996 . This method was specifically designed for multi-criteria sorting problems, i.e., to assign each alternative to one of a set of predefined ordered categories according to a set of evaluation criteria. Let us introduce the following notation:
 m denotes the number of alternatives;
 n denotes the number of criteria;
 t denotes the number of categories;  A = {a 1 ,…a m } denotes the set of alternatives;
 G = {g 1 (.),…g n (.)} denotes the set of criteria (valued functions on A);  C = {C 1 ,…C t } denotes the set of categories by preference order, in which C 1 is the least preferred (worst category) and C t is the most preferred (best category);  B = {b 0 ,…b t } denotes the set of reference profiles that separate the consecutive categories, where b 0 is the worst profile and b t is the best profile.
Each category C h (h=1…t) is limited by two profiles: b h is its upper limit and b h-1 is its lower limit. Fig.7 . Definition of categories using profiles ELECTRE TRI has two possible procedures to assign alternatives to categories: the pessimistic procedure and the optimistic procedure. In this work the more demanding pessimistic variant was used, which is the one implemented in IRIS (the name "pessimistic" comes from the fact that it places the alternatives in a categoriy that is at most as good as the result of the optimistic procedure).
The assignment of alternatives to categories is based on the concept of outranking relation (a binary relation meaning "not worse than"). An alternative a i A is said to outrank a profile b h B (denoted by a i S b h ) if it can be considered that a i is at least as good as b h , given the performances of a i and b h at n criteria. The credibility of a i S b h , denoted by s(a i , b h ), is computed taking into account the weights of the criteria that are in favor of a i (considering possibly indifference and preference thresholds) as well as the possibility of veto from a criterion in which a i is much worse than b h (considering veto thresholds). The outranking relation is decided by comparing s(a i , b h ) with a cutting level λ defined by the decision maker(s), which defines the "majority requirement". The assignment of each alternative to one category is done by comparing its performance in each criterion to the reference profiles. The pessimistic procedure assigns each alternative to the highest category such that its lower bound is outranked by a. For details about ELECTRE TRI see (Yu, 1992; Dias and Mousseau, 2003) .
Evaluation Model Parameters
The use of ELECTRE TRI requires a set of parameters that represent the preferences of the decision makers.
In this case, the analysts used the inputs of the DMT.. The DMT intervened at various stages of the parameterization process (definition of the categories, criteria thresholds, and constraints of criteria weights).
The interaction with the DMT was conducted through one-to-one meetings and small workshops.
As explained in section 2.1, some criteria are common to several dimensions (e.g. the Crime Against Persons criterion exists in the Risk and Social dimensions, meaning that a low level of crime will have a positive impact on the evaluations under these two dimensions). Let us emphasize that these criteria are not "double counted", because the four dimensions are analyzed independently and will not be aggregated into a synthesis value.
With this approach of making separate assessments of parishes under each of the four dimensions in analysis, the weighting of each dimension is avoided. The group agreed that due to the imprecise nature of the data and for the study's purposes it would suffice to sort the alternatives into four categories (levels): Weak, Good, Very Good and Excellent (recall that the set of 62 alternatives already resulted from a GIS-based analysis used to exclude poorer options (Covas et al., 2010) .
Risk Assessment

Range Value Limits
The Risk Assessment criteria take into account the maintenance of the integrity, safety, and availability of the DC. Based on the criteria description presented in section 2.2.1, the categories range values for each criterion were established. Four categories were proposed by the analysts and approved by the DMT, where C1 is the worst, described as Very High, and C4 the best category described as Low, see Fig.8 . Table 2 indicates the values considered for the reference profiles. Regarding the values indicated in Table 2 , it should be noted that: (Table 2 , column 4), considering that Portugal has no regions with very high risk level according to this subcriterion.  Analogously, the DMT set b 1 =50 for the subcriterion Crime Against Property, although the maximum number observed in the studied parishes was 33 (and the maximum number recorded in Portugal was 46). Therefore, no parish will be considered of very high risk level according to this subcriterion.
IRIS Parameters Set
The next step consisted in defining the indifference (q j (b h )) and preference (p j (b h )) threshold values for each category, as well as, the veto (v j (b h )) conditions. The thresholds q j (b h ) and p j (b h ) intervene when checking if a criterion agrees with an outranking. A criterion agrees fully with the outranking if the alternative is not worse than the profile by a difference larger than q j (b h ); it agrees partially if this difference lies between q j (b h ) and p j (b h ); it does not agree if the difference is p j (b h ) or higher. In the latter case, it will oppose a partial veto if the difference lies between p j (b h ) and v j (b h ), or it will oppose a complete veto if the difference is v j (b h ) or higher. A veto means that the outranking is not accepted even if all other criteria support it. Fig.9 displays the IRIS screen in which the thresholds are entered; these thresholds can be set independently for each category. The DMT agreed to define two veto thresholds for two criteria. They established that an alternative with a level of 0 in Flooding cannot outrank b 3 (i.e., cannot reach category C4) by setting v Flooding (b 3 )=0.1. Similarly, by setting v Earthquakes (b 3 )=2 they prevent an alternative from being classified as low risk (C4) if it has a seismic risk of 7 (=5+2) or higher. For crime against property and crime against persons, the DMT defined an indifference threshold of 10 % of the boundary value, and defined a preference threshold equal to half of the difference between adjacent categories. Regarding the constraints, the DMT was asked what were the most important ones. The DMT agreed that the flooding (k1) and earthquake (k2) criteria are equally important (k1=k2). It was also established that these criteria are more important than the crime against persons (k3) and property criteria (k4). The crime against persons (k3) and property (k4) were defined as having equal importance. The IRIS software does not accept strict inequalities (e.g. k2>k3), therefore these were included considering a minimum difference of 0.05 (when the DMT establishes that k2>k3, the constraint inserted in IRIS is k2-k3≥0.05, see Fig. 10 ). 
IRIS Results
This section presents the IRIS results for the Risk Assessment criteria, considering that the weights are free to vary (Fig. 11a) , Without Constraints), and also considering that the constraints on the weights placed by the DMT should be respected (Fig. 11a) , With Constraints). A third scenario was also included where a central weights vector inferred from the imposed constraints (for details see (Dias and Mousseau, 2003; Mousseau and Dias, 2004) ) is considered (Fig. 11a) , Central Weights). When there is some freedom in the weight values, IRIS uses an optimization approach to determine the set of categories in which an alternative can be sorted. For instance, the first alternative (Cheleiros) could be placed in categories C1 or C2, depending on the weights chosen (without violating the imposed constraints), whereas the last alternative (Ganfei) must be always placed into C3. The alternative Monserrate (fourth from the bottom) can be placed into categories C3 or C4 if the weights are free to vary, but only into C3 if the weight constraints are to be respected. We can see that the application of the constraints does not limit too much the range of results -only 13 parishes out of the 62 reduce the number of possible categories from 2 to 1.The application of the central weights led to a specific assignment for each category. With this approach no parish reaches C4 (Low Risk), 16 parishes are assigned to C1, 4 parishes assigned to C2 and the majority (42 parishes) are placed to C3. 
Social Assessment
Range Value Limits
The Social Assessment criteria describe the features that are important for people working on a DC and services provided. Taking into account the criteria descriptions in section 2.2.2, four categories were established (Fig.12) . For each social criterion, the range of values corresponding to each category were defined taking into account the DMT's inputs (Table 3) , leading to the g j (b h ) values depicted in Table 4 . Fig.12 . Relation between the Social Categories and the category profiles Regarding the values indicated in Table 3 , it should be noted that:
 The life quality criterion bound b 3 corresponds to the 30 th best municipality in Portugal, b 2 corresponds to the 100 th best municipality, and b 1 corresponds to the 200 th best municipality according to (Manso and Simões, 2009 ).
 For the rail station criterion, all the parishes in analysis are less than 4 Km from a rail station, and therefore none will be considered Weak in this subcriterion.
 For the main road access criterion, all the parishes in analysis are less than 10 Km from a main road node access, and therefore none will be considered Weak in this subcriterion.
 For the life cost criterion, in Portugal the average value of the urban properties transacted at the municipality level is € 126.692. Values for the parishes in analysis range from €70.000 to € 220.000.
 Concerning the emergency services (police and fireman), all parishes in analysis are less than 5 Km away from both, and therefore none will be considered Weak in these subcriteria.
 Concerning the Availability of Skilled Labor in the Region, the number of students in high school technology courses ranges from 0 to 606 in the municipalities considered.
 The values indicated for the Vender Support criterion are those defined in Table 1 .
IRIS Parameters Set
The indifference and preference threshold values for each category, as well as the veto thresholds are depicted in Table 4 . The veto threshold for Life Quality reflects the DMT's opinion that one region should be at least Good in Life Quality in order to be classified as Excellent (g 1 (b 3 )-v 1 (b 3 ) = 80.38-23.78 = 56.6 = g 1 (b 1 )).
Similar opinions defined the veto thresholds for Skilled Labor and Vendor Support. Indifference and preference thresholds were also set in a way similar to that described in section 3.2.1.2 The relation between the social criteria and the IRIS software variables representing criteria weights (km, n=1…10) is given in the second line of Table 4 .The decision panel established the following constraints:
 The Skilled Labor (k9) and Vendor Support (k10) criteria have the same importance: k9 = k10.
 The Police Station (k7) and Fire Station (k8) criteria have the same importance: k7 = k8.
 The crime against persons (k5) and property (k6) have the same importance: k5 = k6.
 Taking into account that all parishes are at least in a reasonable distance from a emergency service, and to run a DC it is essential to ensure Vendor support (k10), as well as Skilled Labor (k9) it was assumed that these criteria are more important than the Police (k7) and Fire Station (k8) Criteria: k9 > k7 (i.e., k9 -k7 ≥ 0.05) and k9 > k8. Similarly, Skilled Labor (k9) is a more important criterion than the Life Quality (k1): k9 > k1.
 Nevertheless, Life Quality (k1) was considered to be more important than the Train Station, because it is preferable to be in the top 30 municipalities in terms of life quality than being just a 1 or 2 Km from a train station: k1 > k2.
 The Life Quality (k1) criterion is more important than the Main Road Access (k3), because is preferable to be in the top 30 municipalities in terms of life quality than being just a 1 or 5 Km from a main road access node: k1 > k3.
 The Life Quality (k1) criterion is more important than the Life Cost (k4) Criterion: k1 > k4.
 The Life Quality (k1) criterion is more important than the Crime Against Person (k5) and Property (k6) criteria: k1 > k5,k6.
 The Train Station (k2) is more important than the Main Road Access (k3) criterion. The proximity of public transportation is an important factor for the Data Center staff: k2 > k3.
IRIS Results
In Fig.11b ) we present the IRIS results for the Social Assessment, with and without the application of the constraints defined by the decision panel, and also considering the central weights inferred by IRIS. In this case taking into account the constraints on criteria weights leads to a noticeable reduction in the range of categories to which the alternatives can be assigned to. This occurs mainly for parishes with very contrasting performances (some are very good and others weak), which can easily become globally bad or good if no restrictions are placed on the weights. In this case only 6 parishes out of the 62 maintain the potential classification. Considering the central weights to the imposed constraints, no parish is assigned to C1 (Weak), 21 parishes are placed to C2, 36 parishes are placed to C3 and 5 are assigned to C4.
Economic Assessment
Range Value Limits
The Economic Assessment is related with the costs and benefits to its owner from having a DC located in a certain region. The economic category levels are identical to the Social Assessment, see Fig.12 . The range of values corresponding to each category is given in Table 5 , leading to the g j (b h ) values depicted in Table 6 , were defined taking into account the DMT's inputs. a) b) Regarding the values indicated in Table 5 , it should be noted that:
 The connection to the electric grid and to communication networks backbones at longer distances imply higher investment costs. Longer distances to the communications network imply also higher operational costs (telecommunications circuits cost).
 In terms of local incentives, an alternative is Weak only if it is not eligible for financial incentives under the NSRF.
 A higher availability of qualified support vendor in the region will reduce the associated costs with service levels agreement.
 Concerning the potential for free cooling by water, in Portugal the aquifers productivity range from 50 to 500 m 3 /dayKm 2 .
 Concerning the potential for free cooling by air, the assessment of the criterion was made using the number of hours per year with average air temperature below 21ºC. In Portugal the best parish is Manteigas with 8.217 hours/year. The parishes under analysis range from 7.500 to 7.814 hours/year. For the decision panel 7.500 hours/year of air free cooling is a good value, therefore it was established as a Weak category any value below 7.500 hours/year (albeit there are no parishes in this category). The requirement of 7.900 hours/year for the Excellent category implies that none of the parishes under analysis is able to reach it.
 Concerning renewable energy resources, in Portugal the sunshine hours potential ranges from 1.800 to 3.200 hours/year (Ambiente, 1975 ) (2.400 to 2.700 hours/year for the parishes under analysis, which means none of them is Excellent), whereas the wind potential ranges from 1.000 to 3.200 hours/year (Esteves, 2004) (1.200 to 2.200 hours/year for the parishes under analysis).
 Concerning human resources costs, the chosen proxy variable (average base salary of a technical engineer) varies between €886,78 (Guarda district) and €1.434,48 (Lisbon district).
IRIS Parameters Set
The indifference and preference threshold values for each category, as well as the veto thresholds are depicted in Table 6 .The chosen veto thresholds associated with the best category reflect the DMT's opinion that a parish should be at least good in Local Incentives (i.e. must have access to incentives), Water Free Cooling and Human Resources criteria in order to be classified as Excellent in the Economic Assessment. Indifference and preference thresholds were also set in a way similar to that described in section 3.2.1.2. Regarding criteria within each main criterion the decision panel established the following constraints:
 Investment Costs: The Local Incentive (k2) is the most important criterion, followed by the Electric Grid (k1). Therefore: k2 > k1 > k3.
 Operational Costs: The Human Resources (k11) criterion is the most important criterion, therefore: k11 > kn (n= 4;5;...10). For the DMT, the possibility of saving energy costs using free cooling is an important factor. The Data Center can consume large amounts of water in cooling in adiabatic cooling processes, which can increase the operational costs. This criterion assumes a higher importance compared to the air free cooling because the predetermined parishes already have a reasonable potential for the latter. Therefore: k6 > k7.
The Air Free Cooling (k7) criterion assumes the following importance: k7 > kn, (n= 4;5,8;9;10) .
Furthermore, for the decision panel it is more important to surpass the category limits for the Wind (k9) resource than for Solar (k8) resource, since the wind technology is more mature and competitive than the solar. Therefore: k9 > k8.
 Attractiveness to Customers: According to the DMT, customers may need to move to the Data Center any time of the day (e.g. for troubleshooting) and therefore cannot be dependent on public transportation schedules. It was decided that the proximity to Main Road Access (k12) is a more important factor than Rail Station (k13) or Airport Proximity (k14). It is also more important to be more close to rail stations than to airports. Therefore: k12 > k13 > k14.
The decision panel established also the following constraints:
 The Local Incentive (k2) is the most important criterion criteria followed by the Human Resources criterion (k11): k2 > k11 > kn, n=1;3;.... 10;12;13;14.
 The Electric Grid (k1) and the Network Communications (k3), are more important criteria than any attractiveness to customers criteria: k1 > kn and k3 > kn , n=12;13;14.
 The Water Free Cooling (k6), Air Free Cooling (k7) and the Wind Resource (k9) criteria are more important than any attractiveness to customers criteria: k6 > kn; k7 > kn; k9 > kn, n=12;13;14. Without constraints the results are not very useful, as most of the alternatives could belong to any of the categories depending on the chosen weights. When considering the constraints, the results introduce significant differences between the alternatives; in fact all 62 parishes change the potential classification. With the application of the central weights, the majority of the parishes are placed to C2 (14 parishes) and C3 (36 parishes), and only 2 parishes are assigned to C1 and 10 parishes reaches C4.
IRIS Results
Environmental Assessment
Range Value Limits
The four categories defined for the environmental assessment are characterized by Fig. 12 and Table 7 . The corresponding g j (b h ) values are depicted in Table 8 . Regarding the values indicated in Table 7 , it should be noted that for the Potential for Free Cooling by Water, the Potential for Free Cooling by Air and the Renewable Energy Sources -Wind/Solar criteria, the DMT assumed the same principle described in section 3.2.3.1 but adapted to the environmental categories.
Concerning the Interference with Protected Areas criterion, all the predetermined parishes are outside of reserves and natural parks. Since it would not be a differentiating factor this criterion was not considered.
IRIS Parameters Set
Similarly to the other components under analysis, the indifference, preference, and veto threshold values for each Environmental category were defined (Table 8 ). The DMT established that one region to be classified as Excellent should be at least Good in Water Free Cooling, Air Free Cooling and Renewable Energy Resources (wind and solar) criteria, leading to the veto thresholds placed on the best category. The decision panel established the following constraints on the criteria weights:
 To reduce CO2 emissions it is more important to surpass the category boundaries for Free Cooling by Air (k2) than for Free Cooling by Water (k1): k2>k1.
 The wind technology is considered more mature than solar and can produce more energy, hence: k3>k4.
 Taking into account the range values for Air Free Cooling (k2) and Wind Resource (k3), the decision panel was asked what is more important for a region to change from a Very Good to an Excellent category: is it to have more 200 (=7900-7700) hours of air free cooling or to have more 200 (=2900-2700) hours of wind? According to the DMT, the latter would be more important so: k3 > k2. It is also noticeable that in this case, the use of constraints did not change significantly the classification. It is noteworthy that there are no parishes classified as excellent. This is mainly due to the demanding boundaries (b 3 ) placed on the best category. Nevertheless, the application of the central weights,
IRIS Results
shows that the best category that can be reached is C3 category (one parish), and the majority of the parishes are assigned to C1 (32 parishes) and C2 (29 parishes) categories.
Results
In the previous section, for each of the four dimensions in analysis, we presented the results in three different cases concerning criteria weights: without constraints, with constraints, and with central weights inferred from the imposed constraints. The results discussed hereafter are obtained considering the cases in which the constraints of the DMT are taken into account. The DMT can analyze these results focusing on the sorting suggested by the inferred central weights or considering instead the robust sorting intervals. In the later case, the results obtained for each parish can be summarized by a vector of 2×4 elements, ranging from C1 to C4: worst and best category in the risk assessment, worst and best category in the social assessment, worst and best category in the economic assessment, and worst and best category in the environmental assessment.
The DMT can apply filters to find groups of regions that meet certain conditions. Table 9 presents a set of eighteen parishes clustered in five groups according to the application of different filters. For instance, if the DMT was interested in knowing the parishes that could achieve Excellent in the Economic dimension and Very Good (or better) in the others, this would result in the regions identified in group I.. Group II represents the regions that can achieve Excellent in the Social dimension and Very Good in the others. If the DMT was interested in knowing the parishes in the Environmental dimension that at least ensure a Good or higher performance and could achieve a Good performance in other dimensions, this would result in parishes in group III and IV (in group III a Very Good Social performance is ensured, and in group IV a Good Economic performance is at least ensured).. If the DMT was interested in knowing the parishes that could achieve Excellent in the Risk dimension and with the best potential performance in the others, this would result in the regions identified in group V.
Coincidentally, each of these 5 groups represents a municipality or part of a municipality: This is due to the limitations on some of the data (e.g. Crime Against Persons; Earthquakes; Life Quality; others) that are available only at municipality level, and therefore all the parishes at the same municipality have the same performance for these attributes. in the extreme points. For instance, parishes in group I can be C3 or C4 (depending on the weights eventually chosen) in the Economic dimension, are always C3 in the Risk and Social dimensions, and can be C1, C2, or C3 in the Environmental dimension. It is possible to identify groups of parishes with the potential to reach the category C3 in all the components.
Fig. 14 presents the location of these parishes in the Portuguese territory. It is also possible to identify, two groups of parishes with the potential to exceed these groups of parishes: these are the parishes in group I (two parishes in the municipality of Aveiro) and group II (six parishes in the municipality of Porto), highlighted in Fig. 14 with a darker shade. The main difference between these two groups is that the parishes in group I can achieve C4 in the economic component, while the parishes in group II can achieve C4 in the social component.
In both cases however, they can also be categorized as bad as C1 in the environmental component, depending on the criteria weights chosen for this dimension.
The intervention of the analysts in this study stopped at this stage, as the DMT found the resulting methodology to be requisite for their purposes. The tool developed allows querying the IRIS results to check which parishes can reach (or are guaranteed to reach) a specified set of categories in the four dimensions, for the acceptable weights defined. Results can be made less variable by introducing tighter constraints on the acceptable weights, but the DMT did not wish to do so at this stage.
Legend
Parishes with potential to reach C3 Parishes with potential to reach and exceed C3 
Conclusions
This paper presents a methodology to analyze and support the decision process for identifying regions for the development of a Sustainable DC using MCDA tools. The analysis was based on the outranking method ELECTRE TRI through the IRIS software package due to the nature of the data, the desire to avoid unwarranted compensation among criteria, as well as the recognition that it would be misleading to provide other results than a separation of the alternative among categories. The crucial judgments concerning the relative importance of the criteria were facilitated by asking for simple comparisons only.
For the development of a Sustainable DC, four components were established and analyzed: Risk; Social; Economic and Environmental. Each component comprehends several criteria, in total 49 criteria were established, 14 of which were not used since they cannot be assessed at the parishes' level (the evaluation would require defining a particular piece of land). From the 35 criteria assessed, 6 belong to the Risk, 10 to the Social, 14 to the Economic and 5 to the Environmental component. For each component four categories were defined, where C1 is the least preferred (worst category) and C4 is the most preferred (best category).
The methodology is applied to a case study in Portugal, based on a previous study that has already identified a set of 62 parishes to install a Sustainable DC. The results show that there are 18 parishes out of the 62 that have the potential performance to achieve category C3 (Very Good). Among these it is possible to identify regions with a potential to reach the best category C4 (Excellent) only in the Risk, Economic and Social dimension. Regarding the Environmental component the maximum category that can be reached is C3 (Very Good). Geographically, these potential regions are located north of Lisbon and near the coastline and even if the final solution is not located in these parishes, these solutions can nevertheless constitute a "base scenario" against which any other alternative should be compared.
The work conducted has some limitations. Many of the relevant data were available only at municipality level, and not parish level. Some of the data refers to values one or two years ago. And while the judgments concerning the criteria weights were of the ordinal type (requiring only comparisons), precise values were fixed for the remaining parameters of the model.
The authors used an original way to address the site selection for the location of a DC by evaluating separately the different sustainability dimensions of the problem. This approach contributed to a telecommunications company to have a better vision of the impact of strategies that can develop on the identification of possible regions to locate a data center. If the company chooses to have a strategy focused mainly on minimizing the risk, the regions to be analyzed to locate the DC could be different compared to a strategy focused, for example, to maximize the economic component. The results found in this study were judged to be interesting by the DMT, as it provided a vision of the Portuguese parishes where it could be very interesting to locate a DC. It also provided a methodology to address this type of problem in others regions of the world if necessary. Considering the results, the parishes should be studied in detail in order to identify a specific terrain, possibly in direct negotiations with the mayors of the respective municipalities. In this case, there are other criteria that should be considered that were not assessed in this study due to the lack of information at the parishes' level. These include the land cost or neighborhood activities and should be analyzed and evaluated with accuracy on the selection of a specific site. Using these results, further analysis can be conducted to identify (possibly using the help of the mayors of the respective municipalities) and evaluate precise locations within these few parishes to deploy the Data Center. Such a detailed evaluation could use all the criteria described in section 2.1.
The developed model was found to facilitate the site selection process, since it promotes the involvement of the DMT in the whole process, and provides to the DMT the ability of controlling the importance of each variable in the problem resolution in a transparent way, giving them the sense of ownership of the evaluation model.
